The reliability enhancement of Al wire bonds used in the insulated gate bipolar transistor (IGBT) modules is crucial to raise their reliability at the high operating temperatures of the motor vehicles in which the modules are widely used because cracking can occur in the Al. We investigated the bonding reliability of thick Al0.5 mass% Cu wires, inside of which very fine Al 2 Cu phases precipitated in both grain boundaries and the Al matrix. We found the reliability of the aged AlCu wire bonds was much better than the reliabilities for AlCu wire bonds without aging and conventional AlNi wire bonds for temperature change ¦T of 50 K. We also found from thermal cycle test results that Al 2 Cu precipitates prevented crack propagation due to thermal expansion mismatch between Al wires and Si substrate.
Introduction
Much attention has been paid to environmentally friendly vehicles such as hybrid and electric cars as ways to prevent atmospheric pollution. In these vehicles, small-sized, lightweight, and highly reliable inverter equipment for their motor control is necessary. For this purpose, highly reliable power devices such as large current insulated gate bipolar transistor (IGBT) modules on which many chips are assembled in parallel must be developed. 13) As shown in Figs. 1(a) and 1(b), one side of a chip is connected to a common electrode by a soldering process, and the other side of the chip is connected to another common electrode by ultrasonic thick Al wire bonding technology. 35) As modules are composed of different materials with different thermal expansion coefficients, thermal stresses are induced at solder and wire bond joints. 1, 4, 5) The reliability enhancement of Al wire bonds is especially crucial to raise the reliability of IGBT modules at high temperatures because breaks in the Al wire itself can occur 1, 68) through crack propagation along the small grain boundaries near the bonding interface due to tensile thermal stress generated during the operating cooling process 25) in the modules as schematically shown in Fig. 2 . In this figure, both layers of small grains of 515 µm in the wire and fine grain size of less than 1 µm in the AlSi film near the bonding interface were shown. Onuki et al. 1, 9) have reported that these layers were formed by ultrasonic thick Al wire bonding at RT and successive soldering process at 493 K.
To prevent crack propagation, grain boundary strengthening and suppression of bending behavior of Al wires during thermal fatigue tests by the precipitation of inter-metallic compounds between Al matrix and an additive element is considered to be necessary 1012) as also shown schematically in Fig. 2 . As an additive element to the Al matrix, we have chosen Cu, because Cu is well known for its ability to enhance high temperature creep strength of Al bulk by the precipitation of Al 2 Cu (ª phase). 10) Up to now, no investigation concerning wire materials except AlNi wire has been done on the reliability of thick Al wire bonds. Our purpose in this paper is to investigate how long the lifetime of the AlCu wire bonds with Al 2 Cu precipitates against degradation is prolonged as compared with AlCu wire bonds without precipitates and conventional Al50 ppm Ni wire bonds.
Experimental Procedure
AlCu wires aged under a condition that gives the maximum strength must be used. To prepare test specimens, 300 µm diameter Al0.5 mass% Cu wires of 14 cm length were heated at 773 K for 30 min in Ar atmosphere and they were quenched into water held at 273 K (solution treatment). Next, solution treated Al0.5 mass% Cu wires were aged at 553 K for 0 to 300 min to form precipitates.
In order to investigate precipitation behavior in the aged Al0.5 mass% Cu wires, we have developed a fixture, shown schematically in Fig. 3 , in which the aged Al0.5 mass% Cu wires were wound around a Teflon plate, and current application and voltage measurement terminals were pressed lightly with Cu wires. The length between voltage measurement terminals was 12 cm. After that, the fixture with the aged Al0.5 mass% Cu wires was dipped into a vessel filled with liquid N 2 and voltage drop was measured at a direct current application of 0.1 A. Precipitates in the aged Al 0.5 mass%Cu wires were also observed by using TEM. The EDS analysis was carried out with the JEM-2100F and EELS analysis was carried out with the JEM-3000F.
The 300 µm diameter aged Al0.5 mass%Cu and Al 50 ppm Ni wires were bonded to AlSi films on a Si chip by varying ultrasonic power. For the thermal cycle test, cyclic heating and cooling were carried out at temperature change ¦T of 50 K as shown in the temperature change model of Fig. 4 . In this model, Y shows temperature variation of substrate, and ¦T of Al wire bonds during operation of an IGBT module is superimposed on the substrate temperature.
Strengths of Al wire bonds before and after the thermal fatigue test were investigated using a bonding strength measurement apparatus (THINK Co., MTS-550) with the following conditions: distance between the shear tool and AlSi film, 20 µm; shear speed, 0.075 mm/min. Figure 5 shows resistivity of 300 µm diameter Al 0.5 mass%Cu wires at 77 K (Liq. N 2 ) as a function of aging time at 553 K. Resistivity of the wire decreases with aging time up to 200 min, above which it is almost a constant value. Figure 6 shows a transmission electron micrograph of the Al0.5 mass%Cu wire solution treated at 773 K for 30 min and aged at 553 K for 300 min. Many precipitates are seen at both grain boundaries and inside the grains. We confirmed that these precipitates are Al 2 Cu phases using TEM/EDS/ EELS analysis as shown in Fig. 7 T. Kurosu et al. analysis, the contents for Cu and Al in the precipitates are 26.91 and 73.09 at%, respectively. Although these values deviate from the contents of Al 2 Cu phase (Al: 67.2 at%, Cu: 32.8 at%) by about 5.9 at%, 13) it is clear that these precipitates are Al 2 Cu phase because they are embedded in the Al-matrix, and resistivity decreased with increasing precipitation of Al 2 Cu phases. Hereafter, we used Al0.5 mass% Cu wire aged under the same conditions.
Results and Discussion

Resistivity measurements
3.2 Reliability of Al50 ppm Ni and Al0.5 mass% Cu wire bonds Figure 8 shows shear strengths of Al50 ppm Ni and Al 0.5 mass% Cu wire bonds as a function of the number of thermal cycles for ¦T value of 50 K. In the case of AlCu wire bonds, both solution treated wires and wires aged at 553 K for 300 min after solution treatment were used for bonding. Shear strength of Al50 ppm Ni wire bonds decreases substantially with the number of cycles. Shear strength of wire bonds using Al0.5 mass%Cu wire after solution treatment also decreases with the number of cycles. However, shear strength of the wire bonds using Al 0.5 mass% Cu wire after aging decreases slightly up to 2000 cycles, above which it takes a constant value. Hence, this result shows that Al 2 Cu precipitates prevent crack growth in the wire bonds during the temperature fluctuation test. Figure 9 shows a SEM image of crack propagation on the left hand side of an Al0.5 mass%Cu wire bond near the bonding interface after 10000 cycles of temperature fluctuation test at ¦T of 50 K. In this figure, the encircled area corresponds to the crack front. The area around the crack front was fabricated into a thin specimen for TEM observation by the micro sampling process using FIB. Figure 10 shows a TEM micrograph of the crack front shown in the SEM micrograph of Fig. 9 . We clearly see an Al 2 Cu ª phase particle which stopped the crack propagation. 
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Grain boundary (G.B.) Al-Ni Wire Fig. 8 Shear strength as a function of number of cycles for Al50 ppm Ni wire bonds, Al0.5 mass%Cu wire bonds using wires after solution treatment and Al0.5 mass%Cu wire bonds using wires aged at 773 K for 300 min after solution treatment.
Conclusions
In order to enhance the reliability of Al wire bonds in IGBT modules, we have developed thick Al0.5 mass% Cu wires, in which fine Al 2 Cu phase particles were precipitated both in Al matrix and grain boundaries. The reliability of aged Al0.5 mass% Cu wire bonds was evaluated in the temperature fluctuation range of 50 K and compared with reliabilities of Al0.5 mass% Cu wire bonds using wires after solution treatment and conventional Al50 ppm wire bonds. We found that the reliability of aged Al0.5 mass% Cu wire bonds was enhanced substantially compared with the Al 0.5 mass% Cu wire bonds without aging and conventional Al50 ppm wire bonds. Crack propagation in Al wire bonds during thermal cycle was suppressed by the precipitated Al 2 Cu phases. 
